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ABSTRACT 


Hicroaachanisma  of  high-tomparatura  crack  growth  in  nartansitic  2KCr-lMo 
staal  heva  baan  atudiad  in  vacutim,  undar  static  loading  at  500^^  Datailad 
natal lographic  and  fractographic  maasuramunta  hava  baan  combinad  with 
Scanning  Augar  Microscopy  and  crack  growth  rasistanca  curvas  to  charactarisa 
tha  micro-machanisms  of  feilura. 


At  low  strass  intansitiasr'lMS  than  48-55  MPam  .  ^ha  moda  of  crack 
growth  is  high-tamparatura .  brittla  intargranular  fractura  (HTBICF)  and  is 
controllad  by  tha  dynamic  sagragation  of  sulphur  to  crack-tip  ragions.  Crack 
advance  appears  to  occur  by  discrete  jua^s  whan  a  critical  concentration  of 
sulphur  is  achieved  over  tha  jump-distance. 


'  —  I 

At  high  stress  intensities,' greater  than  48-55  MPam  ,  the  moce  of 
fracture  changes  to  intergranular  microvoid  coalescence  (ICMVC) ,  and  is 
controlled  by  the  distribution  of  sulphides.  Of  crucial  importance  are  the 
relatively  fine  sulphides  that  reprecipitate  from  solid  solution  during  the 
austenitising  treatment.  Bf? 


The  transition  from  HTBICF  to  ICMVC  is  observed  to  occur  over  a  critical 
range  of  strass  intensity,  and  is  accompanied  by  a  steeper  dapandanca  of 
crack  growth  rate  on  stress-intensity.  Both  mechanisms  of  crack  growth  are 
encouraged  by  an  increase  in  final  austenitising  temperature  for  a  constant 
grain-size  and  scale  of  microstructura,  through  changes  in  the  nature  of 
sulphur  in  solution  and  small  reprecipitated  sulphides. 
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1.  Introduction 

•  • 

A  number  of  recent  pepers  heve  considered  high  tempersture  intergranular 
crack  growth  in  low  alloy  steels  in  high-strength  conditions  (1-5).  This 
type  of  cracking  was  originally  seen  following  stress-relieving  heat 
treatments  applied  after  welding  and  was  therefore  named  stress-relief- 
crackxng  or  reheat-cracking  (6-10).  It  is  most  commonly  found  in  the  coarse 
grained  heat-affected-zones  (HAZ's)  which  surround  the  weld-metal.  Effects 
of  HAZ  microstructure  have  been  studied  in  small  scale  testpiaces  by 
simulating  the  thermal-cycle  experienced  in  a  weldment.  Comparitive  tests 
indicate  that  closely  similar  behaviour  is  found  in  full-scale  weldments 
(11).  Early  efforts  were  directed  at  studying  this  phenomenon  in 
stress-relaxation  tests  designed  to  parallel  closely  the  conditions 
experienced  by  a  weldment  during  post-weld-heat-treatmenta  (PWHT) .  The 
results  obtained  were  extremely  useful  in  indicating  the  susceptibility  of  a 
particular  alloy  to  atreaa-ralief-cracking,  but  did  not  address  the 
underlying  mechanisms  of  crack  growth  in  detail.  Two  distinct  forms  of 
intergranular  cracking  were  identified,  however,  namely  high  temperature 
brittle  intergranular  fracture  (HTBICF)  and  intergranular  microvoid 
coalescence  (ICHVC).  The  former  type  of  cracking  has  teen  associated  with 
'ow  temperatures  (typically  i00-S00*C)  and  correspondingly  high  stresses  when 
observed  in  stress  relaxation  teats,  while  the  latter  type  of  cracking  has 
been  associated  with  higher  teng>eratures  (typically  600-700*0  and 
correspondingly  lower  stresses  when  observed  in  stress  relaxation  tests. 

More  recently,  attention  has  been  directed  towards  characterising  the 
underlying  mechanisms  of  crack  growth.  It  appears  that  the  linear  elastic 
stress  intensity,  K,  can  be  used  to  characterise  crack  growth  under  static 
loading  (2,  12).  This  is  analogous  to  the  use  of  the  fatigue  alternating 
stress  intensity,  AK,  to  characterise  crack  growth  vmder  cyclic  loading. 

The  purpose  of  the  present  study  is  to  address  toicromechanisms  of  high 
temperature  intergranular  crack  growth.  Experiments  have  been  performed  on 
well  characterised  martensitic  microstructures,  under  constant  load,  is 
increasing  stress  intensity,  conditions.  Particular  attention  has  been  given 
to  the  quantitative  measurement  of  iricrostructural  and  f ractograohic 
features,  and  these  observations  are  combined  with  mechanical  test  data  ar.d 
surface  analysis.,  to  establish  micro-mechanisms  of  crack  growth,  and  to 
assess  a  recant  theoretical  model  for  the  solute  enrichment  of  crack-tips ( 1 ) . 


Experinwntal 

2.1  Material  and  haat  traataiant 

All  teats  were  per formed  on  a  comercial  grade  of  2X  Cr-lMo  steel 
plate  whose  composition  is  given  in  Table  1.  Notched-bend  tastpieces  of 
the  geometry  shown  in  fig  1  vero  machined  in  the  transverse  - 
short-transverse  (TST)  orientation  and  heat-treated  individually  in  a 
vacuum  furnace  with  temperature  control  to  ±  S*C.  The  heat-treatment 
schedules  are  shown  in  fig  2,  and  all  initially  involved  austenitising 
at  1300”C  for  30  minutes.  This  was  followed  by  either  direct  water 
quenching,  or  furnace  cooling  to  lower  austenitising  temperatures  of 
1200,  1100,  1000  and  900'C  respectively,  a  1  hour  hold,  and  then  a  water 
quench. 


2.2  Mechanical  Testing 

Static  crack  growth  tests  were  carried  out  using  a  servo-hydraulic 
tasting  machine,  equipped  v.th  a  vacuum  chamber  and  quarts  lamp  heating 
facilities.  The  fast  temperature  was  monitored  by  a  thermocouple 
attached  to  the  testpiece,  and  was  maintained  at  500  t  2*C.  The  test 
temperature  was  attained  and  stabilised  within  15  minutes. 

Tests  were  performed  ct  nosinal  vacua  cf  less  than  10~*  mbar  total 
pressure.  Crack  growth  was  swasured  by  the  DC  potential  drop  technique. 
To  avoid  problems  which  are  inheren*  to  this  technique  when  used  for 
measuring  crack  growth  rates  under  fatigue  loading  in  vacuum  (13)  tests 
were  performed  at  constant  load  (ie  increasing  stress  intensity,  K) 
conditions.  Under  static  loading  K  has  been  used  successfully  to 
characterise  the  rate  of  crack  growth  with  time,  da/dt  (2,  12),  under 
decreasing  stress-intensity  conditions  and  this  parameter  is  used  in  the 
present  study.  It  should  be  noted  that  the  increasing  K  test  is  not 
intended  to  simulate  the  stresses  seen  by  a  welded  structure,  as  a 
function  of  time  during  post-weld-heat  treatment,  but  rather  to  provide 
a  consistent  and  carefully  controlled  method  of  examining 
microstructural  effects  on  crack  growth  resistance.  The  tests  were 
designed  to  address  the  problem  of  crack  growth  rather  than  crack 
initiation  ahead  of  a  notch.  In  all  cases  fatigue  pre-cracks  were  grown 
to  a  distance  of  0.3  mm  ahead  of  the  notch,  under  similar  (low  mean 
stress)  conditions  prior  to  static  locding  to  facilitate  crack 


initiation.  All  static  tests  vara  complatad  in  approximately  six 
hours . 


Tensile  properties  were  measured  for  the  extremes  of  heat  treated 
conditions  at  room  temperature  and  at  500*C,  using  standard  Hoursfield 
number  11  testpiecea.  Tests  performed  at  500*C  ware  completed  within  a 
total  time  of  20  minutes  (including  the  heating-up  period) .  A  nominal 
croashead  displacement  rate  of  litn  per  minute  was  used.  The  effects  of 
tempering  at  S00*C  on  matrix  strength  during  the  actual  test  period  (of 
up  to  six  hours)  were  evaluated  from  room  temperature  VieXars  hardness. 
Vjj,  measurements  for  the  extremes  of  heat  treated  conditions. 

2.3  Metallography 

Thin  foils  were  prepared  directly  from  discs  machined  from  the 
centre  of  testpiece  blanks  subjected  to  the  axtrames  of  heat-treatments 
shown  in  fig  2  (is  foils  wore  viewed  in  the  as-quenched  conditions 
only) .  Foil  preparation  used  a  jet  polisher  with  an  electrolyte  of  2SX 
glycerol.  SX  perchloric  acid,  and  70X  ethanol  at  room  temperature. 
Cbservationa  were  made  using  a  Philips  EM300  microscope  operating  at 
lOOkV. 

Prior  austenite  grain  sizes  and  packet  sizes  were  measured  from 
polished  and  etched  (in  2X  Nital)  metallographic  sections.  Sections 
were  viewed  optically. 

2.*  Fractographv 
« 

After  testing  at  S00*C.  notched-bend  testpieces  were  broken  open  at 
low  temperatures  (typically  -196*0  to  expose  the  high-temperature  crack 
surfaces  for  fractographic  analysis.  Samples  of  each  heat-treated 
condition  were  examined  in  a  CamScan  S4  scanning  electron  microscope 
(SEM).  A  high  resolution  SEN  study  was  also  performed  on  fracture 
surfaces  representing  the  range  of  heat-treated  conditions  in  an  Hitachi 
S-S70  SEM.  Fractographic  features  were  compared  at  equivalent  values  of 
the  stress  intensity.  K,  and  at  equivalent  values  of  the  crack  growth 
rate,  da/dt. 

The  size  distributions  of  various  fractographic  features  such  as 
particles  and  voids,  were  assessed  either  manually  (graticular 


nMAiurtnMnta  on  SEM  micrograph*)  or  automatically  using  an  IBAS  imaga 
analysar.  Particlas  largar  than  a  faw  hundrad  nanomatras  could  ba 
idantifiad  by  anargy  disparsiva  X-ray  spactroscopy  (EDS)  in  tha  SEM. 
Smallar  particlas  wars  first  axtractad  from  fractura  surfacas  using 
two-staga  replication  (acatata  and  carbon  films) .  and  then  analysed 
using  EDS  in  a  Philips  <»«.0  ST  transmission  electron  microsccpa. 

For  two  additional  tastpiacas,  from  tha  1300  WQ  and  1300-1000  WQ 

conditions,  static  crack  growth  testa  ware  interrupted  at  a 

u 

stress  intensity  of  52  MPam  by  unloading  and  cooling  rapidly  to  room 
temperatura.  Kota  that  the  rat*  of  crack  growth  was  carefully 
controlled  for  both  tastpiacas,  to  ensure  that  the  tests  ware 
interrupted  after  an  equivalent  time  (5  houra) .  Specimens  suitable  for 
Augar  electron  spectroscopy  could  than  b*  machined  from  each  tastpiace 
to  include  tha  high- tamper atur a  crack-tip.  Vihan  broken  open  In  tha 
fracture  stag*  of  a  Vacuum  Ganarators  SSCALAB  II  Augar  system,  tha 
crack-tip  aurfaca  chasdstry  and  tha  intarfacial  chemistry  of  tha 
embrittled  grain  boundaries  ianadiataly  in  front  of  tha  crack-tip,  could 
ba  analysed  and  compared  with  those  embrittled  boundaries  observed  to  bo 
raonta  from  tha  crack-tip  region.  Further  details  of  this  procedure  are 
givan  alsawharo  (1,  14). 

All  Augar  electron  spectra  ware  obtained  in  tha  direct 
pulse-counting  a»do  (N(E)  versus  E)  using  a  bean  current  of  20nA  at  .in 
accalarating  voltag*  of  lOkV.  Thas*  spectra  war*  than  differentiated 
numerically  to  provide  the  more  familiar  double  peaks  (dM(E)/d(E)  versus 
E)  which  wara  used  to  quantify  tha  relative  concentrations  of  elanants 
detected. 

Results 

3.1  Crack  growth  under  monotonic  loading 

Tha  depandanc*  of  crack  growth  rata,  d*/dt,  on  tha  stress  intensity 
K,  is  shown  in  figs  3  and  4  for  tha  full  range  of  quenched  conditions. 

In  fig  3  a  linear  relationship  between  the  stress  intensity,  K  and  tha 
logarithm  of  tha  crack  growth  rate,  log  (da/dt)  is  observed.  A 
functional  relationship  of  the  form: 
da/dt  ■  Ae*^ 


(1) 


whara  A  is  a  nunarical  constant,  can  therafora  ba  suggested.  Kota, 

u 

however,  that  for  values  of  K  greater  than  ^  50  MPam  ,  there  is  seme 
indication  of  a  steeper  dependence  of  cracic  growth  rate  on  stress 
intensity  -  see  fig  3.  This  is  more  clearly  observed  if  the  logtrith.m 
of  the  stress  intensity,  log  K,  is  plotted  versus  the  logarithm  of  the 
crack  growth  rate,  log  (da/dt),  see  fig  4.  The  dependence  of  da/dt  on  K 
can  be  approximated  by  two  straight  lines  of  differing  slopes.  A 
functional  relationship  of  the  form: 

da/dt  -  BK® .  (2) 

can  therefore  be  suggested,  where  B  is  a  numerical  constant  and  m  is  the 

slope  of  the  line.  The  change  in  slope  is  observed  for  the  range  of 

u 

quenched  conditions  at  values  of  X  between  48  and  SS  MPam  . 

Most  importantly  from  figs  3  and  4.  it  can  ba  seen  that,  as  the 
final  austenitising  temperature  prior  to  quenching  decreases,  the  crack 
growth  resistance  increases.  It  is  also  clear  from  these  figures  that 
the  linear  elastic  st.ess  intensity.  K,  can  be  used  to  cnaracterisa 
crack  growth.  For  the  high  strength  martensitic  conditions  (o^  \  540M?a 
at  SOC'C) ,  it  should  be  noted  Trom  Table  2  that  the  calculated  maximum 
extent  of  the  plast’*  zona  at  500*0  is  less  than  l.S  mm  even  for  an 
applied  stress  intensity  of  eOMFam  .  In  addition,  specimen  size 
requirements  for  the  measurement  of  i.ractUk'e  toughness,  according  to 
BSS447:1977  (16),  ^re  met  for  applied  stress  intensities  approaching  SO 
HPam^,  Table  2. 

For  the  two  extremes  of  quenched  condition,  tensile  properties  and 
room  temperature  hardness  values  are  given  in  Tables  3  and  4 
respectively.  Closely  similar  0.2X  proof  stresses  and  tensile  strengths 
were  obtained  at  both  20  and  500*0.  A  substantial  loss  in  percentage 
reduction  of  area  at  failure  was  measured  for  the  1300  WQ  condition 
alone  when  tested  at  500*0.  No  such  reduction  was  found  for  the 
1300-90Q  WQ  condition.  Therefore,  a  decreased  resistance  to  crack 
growth  at  500*0  occurred  for  the  1300  WQ  condition  in  both  sharp-crack 
testpieces  and  plain  tensile  testpieces. 
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The  affect  of  tempering  tine  at  S00*C  on  the  room  temperature 
hardness  values  is  shown  in  Table  4.  After  12  h  at  500*C,  the  room 
temperature  hardness  fell  to  90S  of  its  value  prior  to  tempering  in  both 
extremes  of  quenched  condition.  Closely  similar  hardness  values  were 
measured  for  both  quenched  conditions. 

3.2  Metallography 

Careful  metallographic  observations  were  made  for  the  1300  WQ  and 
1300-900  WQ  conditions.  No  significant  differences  in  lath  packet  sizes 
or  prior  austenite  grain  sizes  were  detected  using  optical  microscopy. 
The  mean  prior  austenite  grain  size  was  measured  as  approximately  250  pm 
for  both  conditions.  Packet  sizes  were  observed  to  be  typically  of  the 
order  of  100  pm. 

Thin- foil  transodsaion  electron  microscopy  confirmed  that  the 
fflicrostrjcture  was  martensitic  in  both  the  1300  WQ  and  1300-900  WQ 
conditions.  A  low  magnification  micrograph  of  the  1300-900  WQ  condition 
is  shown  in  fig  5.  Detailed  measurements  of  lath  widths  were  made 
directly  1  am  such  micrographs  as  shown  in  fig  6.  The  measured  size 
distributions  of  lath  widths  are  shown  in  fig  7.  (The  conventions  used 
to  determine  these  widths  are  noted  elsewhere  (15)).  The  mean  lath 
widths  are  closely  similar  for  the  1300  WQ  and  1300-900  WQ  conditions, 
being  89  and  81  nis  respectively.  This  difference  in  mean  lath  width  is 
not  statistically  significant  at  the  90X  confidence  level  (if  a  normal 
distribution  is  assumed) . 

Very  fine  autotempered  carbides  in  the  size  range  9  to  17  nm  were 
measured  for  both  conditions.  Traces  of  retained  austenite  could  be 
observed  in  dark  field  images  from  each  condition,  but  these  volume 
fractions  were  far  too  small  (certainly  less  than  SX)  to  allow  any 
quantitative  comparison.  In  summary,  the  metallographic  investigation 
indicates  that  the  extremes  of  heat-treatment  schedules  employed,  fig  2. 
produced  similar,  uniform,  srtensitic  microstructures 

3.3  Fractographv 

A  general  SEM  examination  of  the  fracture  surfaces  produced  in 
notched-bend  testpieces  indicated  that  the  fracture  mechanism  was  ICCX 
intergranular  for  all  quenched  conditions.  From  figs  3  and  4  it  is 
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clear  that  fracture  morphologies  can  be  compared  for  different  quenched 
conditions  at  equivalent  values  of  stress  intensity,  K,  ana  cracjc  growth 
rate,  da/dt. 

Consider  first  the  condition  directly  quenched  from  1.100'C  '13C0 

WQ) .  The  intergranular  facets  were  smooth  over  a  wide  range  of  struss 

K  -  c  -  2  “  ’ 

intensity,  K  »  20-50  MPam  and  growth  rate,  da/dt  -  10  -5.10  r.ms 

A  typical  fractograph  is  shown  in  fig  8(a).  A  closer  inspection  of 
such  facets  reveals  "striations"  normal  to  the  direction  of  crack  growth 
as  shown  in  fig  8  (b) .  These  striations  are  spaced  appruximats  ly  2-9  U-. 
apart.  A  striation  is  shown  in  detail  in  fig  8(c).  Large  inclusions  (> 
Ipra  in  diameter) ,  were  also  occasionally  observed  on  these  smooth 
facets,  together  with  ruserous  fine  precipitates  (approximately  100  nm 
in  diameter) .  The  large  inclusions  were  identified  as  manganese 
sulphides  by  EOS  analysis.  Some  of  the  fine  precipitates  were  extracted 
by  two  stage  acetate/carbon  replication  and  examined  using  EOS  in  the 
TEM.  This  process  involved  no  acid  etching  and  did  not  therefore 
dissolve  any  of  the  grain-boundary  particles.  Mors  than  95X  of  the 
particles  analysed  gave  similar  X-ray  spectra,  characteristic  of  M^C 
carbides  in  2X  Cr-lMo  steel.  The  average  metalloid  content  was  97.6  wt 
X  Fe,  2.2  wt  X  Or  and  0.2  wt  X  Mo. 

At  the  higher  stress  intensity  of  60MPa/m  and  a  growth  rate  of  10  ^ 
mms  ^  a  clear  change  in  fracture  mec.hanism  was  observed.  The 
intergranular  facets  were  no  longer  essentially  smooth  with  striations, 
but  were  instead  covered  with  microvoids  of  two  distinct  size  scales, 
dee  fig  9(a).  The  fins  cavities  were  centred  on  fine  precipitates  fig 
9(b),  identified  as  H^C  carbides,  and  the  coarser  cavities  were  centred 
on  largo  particles  (200-300  nm  in  diameter),  fig  9(c),  identified  as 
manganese  sulphides,  fig  10.  (Note  that  in  order  to  identify  these 
200-300  nm  particles  it  was  necessary  to  strip  away  nu.merical ly  the 
matrix  contribution  to  the  combined  X-ray  signal  from  both  matrix  Si  1 
particle) . 

The  1300-1100  WQ  condition  exhibited  si.r.ilar  tractographic  features 
to  those  observed  above  for  the  1300  WQ  condition.  A  change  in  fracture 
mode  was  again  observed  fren  smooth  intergranular  (at  lew  stress 
intensities)  to  intergranular  microvoid  coalescer.ee  (at  higher  stress 


intensities).  For  this  condition,  fi.'ie  crvitsfon  ^arcu.^d  carb-des) 

occt.rred  st  lower  stress  intensities  and  crack  rowth  rates  than  ccarae 

cavitation  (arotind  inclusions) .  Fins  cavitation  (around  carbides) 

u 

occurred  at  all  stress  Intensities  greater  than  K  ■  40  hPara  ,  and  crack 

_4  . 1 

growth  rates  greater  than  da/dt  >3.10  ntaa  *,  whereas  coarse 

cavitation  around  small  inclusions  occurred  only  at  stress  intensities 

V 

greater  than  K  >  SSMPam  ,  and  crack  growth  rates  greater  than  da/dt  ■ 

-3  -1 

1.10  ■’  niDS  \ 


For  the  1300-900  WQ  condition,  fine  cavitation  was  observed  for 

V 

stress  intensities  between  K  ■  42-55  MPam  and  crack  growth  rates 
-5  -4  -1 

between  da/dt  >5.10  -1.10  mms  .  At  scrt*ss  intensities  greater 

u 

than  K  >  53  MPan  coarse- cavitation  alone  was  observed. 


For  the  two  extremes  of  the  abov<*  conditions,  compared  at  an 
equivalent  crack  growth  rate  of  3.10  nns  ,  increased  microductility 
was  associated  with  the  intergranular  fracture  as  the  final 
austenitising  temperature  decreased,  see  fig  11. 


A  change  in  fracture  mode  from  essentially  smooth  intergranular 

facets  to  intergranular  facets  exhibiting  microductility  was  observed 

for  all  quenched  conditions  as  the  stress  intensity  increased.  It  is  of 

interest  to  note  that  this  transition,  associated  with  the  onset  of 

coarse  cavitation  around  sulphides,  appears  to  occur  at  a  similar  stress 

u 

intensity  of  48-53  MPam  for  the  range  of  quenched  conditions  see,  tig 

12.  In  addition,  from  fig  4,  it  can  be  seer,  that  there  is  a  greater 

dependence  (higher  value  of  'm'  -  equation  2)  of  crack  growth  rate  cn 

stress  intensity  for  values  of  stress  intensity  greater  than  48-55 
u 

MPam  .  From  these  observations  it  may  be  deduced  that  the  onset  of 
IG.MVC  is  responsible  for  the  increased  dependence  of  crack  growtn  rate 
on  stress  intensity. 


Variations  in  the  size  distribution  of  major  fractographic  features 
such  as  kcriation  spacing,  large  sulphide  diameter  and  area  density, 
small  sulphide  diameter,  carbide  diameter,  coarse  cavity  dia.mater 
(around  inclusicns)  and  fine  cavity  diameter  (around  carbides)  ,  were 
measured  as  a  function  of  quench  condition.  T.'.e  results  ire  given  in 
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Tabla  S.  All  particles  and  voids  were  assumed  to  be  spherical,  and 
average  diameters  were  calculated  from  a  sample  of  50-200  features. 
Striarion  spacings  were  iiora  difficult  to  quantify  and  are  therefore 
given  as  an  observed  range. 


/■Cr' 


Tne  fractography  of  tensile  specimens  tested  at  SOO'C  indicated 
that  HTBIGF  can  also  be  an  important  failure  mechanism  for  this 
testpiece  georoetry.  The  1300-900  WQ  condition  exhibited  occasional 
partial  intergranular  facets,  whilst  for  the  1300  WQ  condition,  HTBIGF 
covered  sosm  30X  of  the  fracture  surface.  These  observations  are 
consistent  with  the  values  of  reduction  in  area  given  in  Table  3. 

3. A  Auger  electron  spectroscopy 


Examples  of  the  Auger  spectra  obtained  from  testpieces  interrupted 
during  high  temperature  cracking  (of  the  1300  WQ  and  1300-1000  WQ 
conditions)  are  shown  in  fig  13(a)  and  (b).  The  interfacial  boundaries 
remote  from  the  highly  stressed  crack-tip  region  in  both  the  1300  WQ  and 
the  1300-1000  WQ  conditions  comprised  iron,  oxygen,  carbon  and 
segregated  phosphorus.  An  example  of  a  typical  spectrum  is  shown  in  fig 
13(a).  Note  that  these  measurements  are  made  on  intergranular  facets 
which  open  up  as  a  consequence  of  the  brittle  impact  failure  within  the 
Auger  system,  at  low  temperature  (typically  -  196*0.  These  facets  are 
featureless  and  are  therefore  clearly  different  to  those  produced  during 
brittle  high-temperature  crach  growth,  compare  fig  14(a}  and  (b) .  The 
average  concentration  of  phosphorus  measured  on  such  grain  boundaries 
was  9. OX  (peak  height  ratio  to  Fe^^^^-phr)  with  a  standard  deviation  of 
l.OX  phr  for  the  1300  WQ  condition  and  10. 5X  phr  with  a  standard 
deviation  of  0.8X  phr  for  the  1300-1000  WQ  condition.  The 
high-temperature  crack  surfaces  were  contaminated  with  carbon  and  oxygen 
and  these  elements  were  used  to  locate  those  boundaries  close  to 
crack-tips.  Only  those  boundaries  displaying  HTBIGF  were  examined.  In 
both  quenched  conditions,  significant  increases  in  sulphur 
concentrations  were  measured  in  the  crack-tip  regions,  fig  13fb). 
Intriguing ly,  the  average  surface  concentration  of  sulphur  was  similar 
in  both  quenched  conditions  at  approximately  3.5  atomic  %  (as  calculated 
using  a  S:Fe  sensitivity  ratio  of  *.6).  In  addition  to  sulphur  and 
phosphorus,  nitrogen  was  also  detected  at  some  crack-tip  locations  in 
the  1300  WQ  condition. 
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4.  Discuiiion 

From  figs  3  and  4,  it  is  apparent  that  the  crack  growth  resistance 
curves  are  strongly  dependent  on  the  final  austenitising  temperature  prior  to 
quenching.  Crack  growth  resistance  increases  as  the  final  austenitising 
temperature  decreases.  If  the  1300  WQ  and  1300-9C0  WQ  conditions  are 
compared  at  equivalent  stress  intensities,  the  crack  growth  rates,  da/dt,  are 
at  least  two  orders  of  magnitude  lower  for  the  1300-900  WQ  condition.  Kote 
that  the  matrix  strength  (Table  3),  lath  width  (fig  7),  packet  size  and  pricr 
austenite  grain  size  are  closely  similar  for  these  two  quenched  conditions. 

To  explain  the  observed  changes  in  growth  rate  with  final  austenitising 
temperature  prior  to  quenching,  it  is  therefore  necessary  to  investigate  the 
effect  of  these  heat  treatments  on  the  behaviour  of  trace  impurity  elements 
such  as  sulphur  and  phosphorus.  Both  those  elements  have  previously  been 
shown  to  cause  embrittlement  of  grain-boundaries  in  iron  at  low  temperatures. 
(17,18,19)  and  both  were  observed  at  embrittled  boundaries  in  the  present 
study,  fig  13.  Additionally,  fine  manganese  sulphides  formed  after 
overheating  are  known  to  reduce  toughness  by  embrittling  prior  austenite 
grain  boundaries  on  reprecipitation  from  solution  (20) . 

SAM  studies  indicate  that  the  concentration  of  phosphorus  at  prior 

austenite  grain  boundaries  was  marginally  increased  for  the  1300-900  WQ 

condition  from  9. OX  phr  to  10. SX  phr  (see  also  reference  21).  Since 

increased  amounts  of  phorphorous  at  grain  boundaries  have  been  shown  to 

reduce  toughness  (18-20),  it  follows  in  the  present  study  that  phosphorus  is 

not  the  embrittling  species  primarily  responsible  for  the  high  temperature 

form  of  intergranular  cracking.  Attention  is  now  given  to  the  role  of 

sulphur,  and  it  is  necessary  to  address  the  two  forms  of  cracking  observed, 

u 

namely  HTBIGF  (at  stress  intensities  less  than  ^  S3  MParo  )  and  IGHVC  (at 

u 

stress  intensities  greater  than  ^  55  MPao  ) . 

4.1  Hiah  Temperature  Brittle  Intergranular  Fracture  (HT3IGV, 

Direct  evidence  of  sulphur  segregation  at  crack-tips  has  been 
obtained  by  SAM  studies,  see  fig  13.  A  more  detailed  characterisation 
of  such  segregation  may  be  found  in  reference  14.  The  dynamic  nature  of 
the  segregation  of  sulphur  to  the  crack  tip  under  stress  may  be  dedviced 
from  the  absence  of  sulphur  observed  on  intergranular  facets  remote  from 
the  crack-tip  produced  by  low  temperature  impact  fracture  (within  the 
scanning  Auger  microprobe) .  The  embrittlement  of  these  boundaries  found 
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in  th«  bulk  (ia  remote  from  the  crack-tip)  of  the  testpiece  is 
attributed  to  the  segregation  of  phosphorus  alone.  It  is  iriportant  to 
note  that  these  different  tj-pes  of  intergr inular  fracture  crn  be 
distinguished  fractographically  -  compare  figs  14(a)  and  14(b).  The 
facets  ooserved  in  the  low  temperature  (phosphorus  assisted)  f-icture 
are  microscopically  smooth,  fig  14(b),  while  those  observed  in  the  high 
temperature  (phosphorus  and  sulphur  assisted)  fracture  exhibit 
additional  striations  perpendicular  to  the  direction  of  crack  growth, 
fig  14(a). 

It  say  be  suggested  from  the  striations  observed  during 
high-temperature  crack  growth  that  a  stepwise-growth  mechanism  is 
appropriate.  This  provides  positive  support  for  a  recent  tiieoretical 
model  for  the  stress  driven  diffusion  of  sulphur  to  crack-t:.ps  (1).  For 
the  application  of  this  model  it  is.  also  of  interest  to  observe  from 
Table  5,  chat  the  striation  distance  is  in  the  range  2-9  ',jm  for  all  of 
the  heat-treated  conditions,  stress-intensities  and  growth  rates,  and 
may  therefore  be  taken  as  approximtely  constant.  These  striation 
spacings  do  not  correspond  to  the  scale  of  any  microstructuril  features: 
the  lath  width  was  measured  as  approxunately  0.08  pa;  the  packet  size 
was  measured  as  lOOvua  and  the  prior  austenite  grain  size  as  2i0pm.  They 
are,  however,  broadly  consistent  with  the  distances  over  which  sulphur 
segregation  isight  be  influenced  by  high  tensile  stresses.  Peak  tensile 
stresses  will  be  achieved  at  a  distance  of  1.9  5  (where  5  is  the 
crack-oponing  displacement)  within  the  plastic  zone  ahead  of  the  crack 
tip  (  This  distance  may  be  deduced  (14)  to  be  an  upper  limit  to  the 

range  of  the  stress  assisted  segregation  of  sulphur  and  is  seen  from 
Table  6  tc  exceed  the  size  of  the  maximum  observed  striation  spacing. 

From  the  experimental  observations  it  ssems  probable  that  sulphur 

plays  a  controlling  role  in  the  mechanism  of  HTBIGF  at  high  temperature. 

It  has  been  shown  that  the  average  coverage  of  sulphur  ahead  of  a 

crack-tip  is  clossly  similar  at  the  same  stress  intensification  level  of 
u 

52  MPam  for  both  the  1300  WQ  and  1300-1000  WQ  conditions.  The  precise 
interpretation  of  such  coverage  values  is  considered  in  detail  elsewheie 
(14),  but  here  it  is  suggested  that  there  may  be  a  critical  coverage  of 
sulphur  wfiich  is  required  to  promote  a  step-wise  crack  adva.'.ce  at  a 
given  level  of  stress  intensification. 


The  lourc*  of  th«  sulphur  thst  is  cbssrvsd  to  conesntrsts  st  grsin 
boundaries  under  stress  is  not  completely  resolved  end  is  also 
considered  further  in  reference  (14).  It  is  nevertheless  generally 
accepted  that  the  required  rates  of  sulphur  migration  can  only  bo 
achieved  by  atomistic  diffusion.  Two  possible  sources  of  ato.'nistic 
sulphur  have  been  postulated: 

(i)  that  retained  in  solid  solution  from  the  austenitising  treatment(l) : 

(ii)  that  produced  by  the  surface  dissolution  of  fine  sulphides  dn  vacuo 
at  the  test  temperature  (2,  23).  The  former  hypothesis  is  based  on  the 
results  of  Turkdogan  et  al  (24).  who  studied  the  equilibrium  solubility 
limits  of  sulphur  in  iron.  The  solubility  ILmits  are  critically 
dependent  on  the  amount  of  manganese  present.  For  iron  containing  0.53 
wt  X  manganese  these  equilibrium  levels  st  the  austenitising 
temperatures  of  interest  are  given  in  Table  7,  and  provide  an  estimate 
of  the  aaiount  of  sulphur  in  solid  sclutior  prior  to  quenching. 

In  order  to  comment  further  it  is  necessary  to  consider  the 
possible  effect  of  the  quench  on  the  sulphur  present  in  solid  solution. 
For  the  1300  WQ  condition,  the  initial  level  of  sulphur  in  solid 
solution  is  31  ppm,  and  the  rate  of  quenching  will  be  the  most  severe. 

On  quenching,  some  sulphur  will  reprecipitate  from  solution  onto 
existing  sulphides  and/or  to  form  new  sulphides.  The  large  degree  of 
undercooling  in  the  severe  quench  will  favour  fresh  precipitation  (large 
driving  force)  and  the  amount  left  in  solid  solution  will  be  high 
(limited  diffusion  time).  For  the  1300-900  HQ  condition,  the  initial 
level  of  sulphur  in  solid  solution  prior  to  quenching  is  only  0.4  ppm, 
and  therefore  98. 7X  of  that  amount  of  sulphur  in  solid  solution  at 
1300”C  will  have  reprecipitated  during  the  slow  furnace  cool  from  1300 
to  900*C,  fig  2.  During  the  cooling  sequence,  more  reprecipitation  onto 
existing  sulphides  would  be  expected  because  the  driving  force  is 
reduced  and  the  time  for  diffusion  is  greater  co'.tpared  with  the  quench 
from  1300*C.  For  the  1300-1100  WQ  condition  the  distributions  of 
sulphur  and  sulphides  would  be  predicted  to  be  intermediate  between 
those  observed  for  the  1300  WQ  and  1300-900  WQ  conditions. 

This  interpretation  is  consistent  with  the  quantitative  particle 
analyses  given  in  Table  5.  As  the  severity  of  quench  increases  in  the 


ord«r  1300-900  i300-1100  WQ  and  1300  WQ;  (i)  th«  nuab-.r  '  -sity  cf 

larga  sulphides  remains  appro  ’are':'  ronscant  bur  .heir  average 
diameter  decreases.  This  okse-vation  is  attributed  to  a  decreased 
amount  of  precipitation  untr  ing  sulphides  durir.4  the  quench;  (ii) 

the  average  diameter  of  small  sulphides  remains  approximately  constant, 
but  their  nwuber  density  incr'^ases  (this  assumes  that  the  number  density 
of  sulphides  is  inversely  proportional  to  the  coarse-void  diameter  anci 
is  valid  providad  that  there  is  a  direct  one-to-one  correlation  batwetm 
rumber  of  coarse-voids  and  number  of  sulphide  inclusions).  This 
ebservatien  is  attributed  to  the  pr'unotion  of  fre-h  precipitation  as  the 
severity  cf  the  quench  is  increased. 

The  quantitative  measurements  given  in  Table  S.  would  predict 
increased  crack  growth  rates  for  the  1300  WQ  condition  either  C.i) 
because  of  the  increased  amount  cf  sulphur  present  in  solid  solution 
(1),  or  (b)  because  of  the  increased  density  of  finw  sulph:.des  !2,  23) 
and  it  is  not  possible  therefore  to  est.iblish  the  prLmary  souren  cf 
atomistic  sulphur  from  these  observations  alone.  Some  recent  rnsults 
(14)  do,  however,  firmly  indicate  the  inportance  of  the  amount  of 
sulphur  present  in  solid  solution. 

* . 2  Intel  granular  Microvoid  Coalescence  (ICMVC) 

This  mecnanism  of  crack  growth  proceeds  by  the  nuclear ion,  growth 
and  coalescence  of  voids  centred  largely  on  small  manganese  sulphides 
which  are  associated  with  grain  boundaries.  The  transition  from  HTBI3F 

to  IGHVC  appears  to  occur  at  a  closely  similar  stress  intensification  of 

X  * 

'•8-55  MPam  for  the  range  of  heat-treatrwnts  considered.  The  mechanism 

of  IGMVC  will  be  critically  dependent  or.  the  size  and  spatial 

distribution  of  sulphides,  and  the  growth  rates  at  this  transition 

correlate  with  the  distribution  of  sulphides  observed  in  Table  5 .  As 

the  severity  of  quench  increases  in  the  order  1300-900  WQ,  1300-r.00  VQ 

and  1300  WQ,  the  growth  rate  at  the  transition  point  also  increases. 

This  is  corsistent  with  the  observed  increase  in  density  cf  small 

sulphides,  which  is  proportional  to  t'le  leciprociil  of  the  void  diaiieter , 

see  Table  5.  The  mechanism  of  IGMVC  txhibits  a  steeper  dependence  of 

u 

crack  growth  rate  on  stress  intensity  (see  fig  <*)  for  K  s  '•8-55  M?arr\ 
than  that  observed  for  HTBIGF. 
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4.3  Th«  Tr»nsiti.-'r  from  HTSIGF  to  IGMVC 


Th«  «bov*  discussion  h«s  suggsstad  thst  chs  mschsnism  of  HTBICF  is 
prinsrily  uontrollsd  by  tha  diffusion  of  sulphur  to  crsck-tips.  vharass 
tha  nachsnisin  of  IGHVC  is  Isrgaly  controllad  by  tha  siza  and  spatial 
distribution  of  sulphidas.  Fig  IS  givas  a  schanatic  raprasantation  of 
thaaa  machaniams.  For  simplicity  tha  rola  of  carbidas  is  not 
raprasantad  in  fig  IS,  although  voids  hava  baan  obsarvad  around  tham, 
fig  9(b).  Small  sulphidas,  rapracipitatad  from  solid  solution,  ara 
considarad  to  lia  a  short  distanca  away  from  tha  grain  boundary, 
eonaiatant  with  pravious  transadssion  alactron  microscopa  obsarvationa 
(25) ,  and  do  not  appaar  in  HTBICF.  Larga  sulphidas  do  intarsact  tha 
grain  boundary  and  ara  tharafora  obsarvad  in  HTBIGF,  as  shown  in  figs 
8(b)and  14(a). 

Tha  transition  from  HTBICF  to  IC^fVC  is  obsarvad  to  occur  at  strass 

H 

intansitiaa  in  tha  ranga  48-SS  HFam  ,  figs  4  and  12.  From  Tabla  2,  it 
can  ba  saan  that  tha  spaciswn  siza  raquiramants  for  tha  maasuramant  of  a 
'valid  fiactura  toughnaas  valua  ara  Just  stat  at  such  strass  intansitias. 
Tharafora,  axcassiva  plasticity  or  loss  of  constraint  is  not  thought  to 
ba  rasponsibla  for  tha  transition  froai  HTBIGF  to  ICIVC,  but  thara 
rasiains  tha  possibility  that  this  transition  could  ba  spaciSMn  siza 
dapandant.  It  is  suggastad  that  as  tha  appliad  stross  intansity  risas 

H 

to  a  laval  48-55  HFaa  ,  voids  nuclaatod  on  tha  saal:.  sulphidas  sdjacant 
to  grain-boundarias  grow  sufficiantly  fast  to  intariiact  tha 
grain-boundarias  in  tha  intarvaning  tiaa  batvaan  *j\jsps'  in  tha  stapwisa 
HTBICF  procasa,  saa  fig  15.  This  is  consistant  wit),  a  highar  growth 
rata  axponant  'm*  (aquation  2)  associstad  with  tha  IGHVC  procass.  T.ta 
rasult  is  an  affactiva  blunting  of  tha  sharp  HTBIGF  crack  tip,  laading 
to  a  transition  to  tha  microvoid  basad  moda  of  inta: granular  fractura, 
IGMVC. 

It  is  not  possibla  to  consant  furthar  on  tha  Itval  of 
atrass-intansity  at  which  tha  transition  occurs  vithcut  a  irora  datailad 
undarstanding  of  tha  location  of  small  grain-boundary  sulphidas  (14). 


Ji^' 


♦.*  Th*or«tic*l  KoU«l  for  HTBIGF 


A  roctnt  stvJy  by  Hippalay,  Rauh  and  Bullough  (1)  haa  tuggastad 
that  tha  avaraga  covaraga  of  aoluta  atoma  par  unit  araa  of 
crack-eurfacaa.  P,  ia  givan  by: 


P  -  N(dt)/2  V  At 


vhara  N(At]  la  tha  numbar  of  aoluta  atoma  that  hava  raachad  tha  crack 
aurfaca  in  tima  At  and  v  ia  tha  crack  growth  rata.  Moraovar,  N(At)  ia 
proportional  to: 


N(At)  a  C  (KD  At/k.T) 
0  b 


vhara  ia  tha  bulk  concantration  of  aoluta.  K  la  the  atraaa  intansity, 
kp  ia  'tzmann'a  conatant,  T  ia  tha  tanparatura,  and  D  ia  tha  diffuaion 
coafficlant. 


Tha  obaarvatlona  hava  auggaatad  that  tho  junp-diatanca  Aa,  ia 
approxinataly  conatant  for  all  haat-traataanta  conaidarad.  Sinca 


V  •  Aa/At 


and  T.O.  Aa  ara  conatant  at  aach  taat  tamparatura,  it  than  follova  by 
raat ranging  aquationa  3.  A  and  S.  that  tha  avaraga  covaraga  ia  givan 
by: 


P  o  C  (K/v) 
o 


If  an  aatiJMta  of  C_  for  tha  haat-treatmant  considered  can  be  made 
o 

from  Turkdogan  (2A] ,  sea  Table  7.  it  is  possible  to  estimate  the 
variation  of  coverage  P,  for  any  g  en  combination  of  stress  intensity, 
K,  and  crack  growth  rata.  v.  Tha  para/fleter  F  ■  (K/v)  where  F  a  P. 

is  plotted  versus  stress  intensity.  K.  in  fig  16.  From  this  figure  it 
may  be  deduced  that  there  is  a  critical  coverage  which  i-i  required  to 
promote  step-wise  crack  growth  for  a  given  level  of  stress 
intensification.  This  is  consistent  witn  the  average  concentration  of  ■' 
3.5  atomic  X  sulphur  observed  for  both  1300  WQ  and  1300-1000  WQ 
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conditions  which  voro  loadod  undor  •iallar  strata  intansltlsa.  Using 
this  gwasursd  valus  of  sulphur  concantration  and  assuming  a  linaar 
dapandancs  on  F,  it  is  possibla  to  raplot  fig  16  in  tarms  of  maan 
sulphur  concantration  against  atras.  '.ntansity  as  shown  in  fig  17.  Tha 
brokar.  llna  in  fig  17  Indicatas  that  tha  machanisn  of  ICHVC  dominatas 
ovar  this  ranga  of  atrass  intansity  and  tha  pradictad  sulphur 
concantration  would  tharafora  ba  an  undarastimata.  Tha  font  of  this 
curva  is  sisiilar  to  that  obtainad  in  atudias  of  classical  tanpar 
aad>rittlaaant  (18,  19). 

Tha  rasulta  obtained  in  tha  prasant  study  appaar  to  support  tha 
basic  concapt  of  tha  isodal  for  soluta  sagragation  to  crack  tips,  and  to 
suggaat  that  a  critical  concantration  of  sulphur  is  raquirad  to  proraota 
stapwiaa  crack  advanca  in  MTBICF. 

Conclusions 

1.  Coarsa-grainad  surtansitic  microstrutturas  ara  suscaptibla  to 
high- ;amparatura  intargranular  crack  growth,  in  vacuus  at  500*C  undar  static 
loading.  Carafully  controllad  haat-traataant  schadulas  hava  baan  usad  to 
show  that  as  tha  final  austanitising  tamparatura  prior  to  quanching 
dacraasas,  crack  growth  raaistanca  incrassas  fer  nartansitic  microstructuras 
of  closaly  similar  strangth,  prior  austanita  grain  sixa,  packat  sita  and  lath 
width. 


u 

2.  At  low  strass  intansitiaa,  up  to  approximataly  «8-$S  HPam  .  tha  moda  of 
crack  growth  is  a  low-ductility  typa  of  ints/ granular  fractura  (HTBIGF) ,  and 
is  controllad  by  tha  dynamic  sagragation  of  sulphur  to  crack-tip  ragiona. 
Crack  advanca  appaars  to  taka  placa  by  a  sarias  of  succassiva  discrata  jumps 
which  occur  whan  a  critic..!  concantration  of  sulphur  (drivon  by  crack-tip 
strass)  is  achiavvi  ovar  tha  jump  dists'.cu  Tha  obsar/ad  jump  distanca  doas 
not  corraspond  to  any  microctructural  feature ,  such  as  tha  lath  width  or 
packat  siza,  but  is  consistent  with  tha  seal#  oi  influence  of  high  tensile 
stresses  which  sra  produced  ahead  of  the  crack-tip. 

u 

3.  At  high  stress  intansitias,  graatar  than  approximately  MPam  ,  tha 
mechanism  of  fracture  changes  to  intargranular  micrevoid  coalascsnce  (IC;^^VC), 
and  is  controlled  by  tha  distribution  cf  sulphides.  Of  primary  importance 
ara  tha  fine  sulphides  that  rapracipitata  from  solid  solution  during  tha 
austanitising  treatment.  Tha  transition  from  HTBIOF  to  IGMVC  is  observed  to 
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occur  ovor  «  critical  rang*  of  stroai'inttnaity  from  A8  to  SS  MPam  ,  and  is 
accompaniad  by  a  st**p*r  d*p*nd*nc*  of  crack  growth  rat*  on  str*ss  Intansity. 
It  is  sugg*st*d  that  this  transition  is  controllad  by  a  balanc*  b*tv**n  th* 
rat*  of  HTBIGF  crack  growth,  and  h*nc*  dynamic  crack-tip  sulphur  segregation, 
and  th*  rat*  of  aulphid*-nucl*at*d  microvoid  growth  in  front  of  th*  crack  tip 
in  th*  p*riod  of  tim*  b*tw**n  HTBIGE  steps. 
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TABLE  1 


ConDOficion  of  2XCr-lMo  ol«t«.  wt. 


TABLE  2 

C«lculat*d  fiz*  of  pUatic  zon*.  r.  znd  apociiMn  siz* 


zoitrictionz.  2.S  (K/o  as  a  function  of  appliad  ttraaa 


intansity.  K.  at  500*C 


K(aPa«^) 

rCon) 

2.5  (K/o  '^(an) 

•  0 

2C 

0.09 

1.4 

30 

0.20 

3.2 

40 

0.36 

5.7 

SO 

0.57 

8.8 

60 

0.81 

12.8 

70 

l.ll 

17.4 

80 

1.45 

22.7 

TABLE  3 


Tensile  properties  meesured  tor  extrerres  of  quenched 


conditions 

Condi ti'n 

Test 

a 

2  “uTS 

Re'' notion  of 

Temperature  (®C) 

MPa 

area  (X) 

TABLE  * 


Room  temperature  Vicker’s  hardness.  V..(30  kg),  as  s 
function  of  temperina  time  at  5C0®C  (standard  deviations 


are  in  parentheses) . 


Condition 

"h 

values  measured  after 

tempering 

at  500'C 

(hours) 

0 

1 

2 

4 

8 

12 

1300  WQ 

*06(7) 

373(2) 

370(6) 

36*(*) 

366(*) 

360(*) 

1300-900  WQ 

*09(7) 

375(2) 

370(*) 

368(*) 

368(2) 

36o(2) 

table  5 


Quantitative  analysis  of  fractographic  features 
(standard  deviations  in  parentheses) 


Feature 


1330  WQ  1300-1100  WQ  1300-900  WQ 


Striations 

Spacing  (pm) 

2-3 

3-7 

3-9 

Large 

sulphides 

Area  density  (per 
lOOOpm^  of  grain 
boundary) 

2. 6(0. 3; 

2. 7(0. 3) 

2. 3(0. 3) 

Large 

sulphides 

Average  diameter  (pm) 

1.15(0.6) 

1.35(0.7) 

1.50(0.5) 

Small 

sulphides 

Average  diameter  (nm) 

190(60) 

165(50) 

170(60) 

Carbides 

Average  diasMiter  (nm) 

74(30) 

70(20) 

Not 

analyses 

Coarse  Average  diameter  (pm) 

voids  (around 

sulphides) 

0.68(0.3) 

e 

1.15(0.5) 

1.40(0.6) 

Fine 

Average  diameter  (nm) 

220(60) 

Observed  but 

Not 

voids  (around 

rot  measured 

observed 

*'.v* 


TA£L£  6 

Calculated  siz »  of  :ra'j>'.  cpeninc  displacement  t5)  at 


2a  E.  where  v  ■  3.3. 


•  140  M  -a  and  E  -  169  GPa  (26 


500“C.  using  6  • 


Co  (ppm) 


Tempterature  (‘O 
1300  1200  1100  1000 


31.0  12,8 


f 

I 

••• 


K  (MPaiD^) 

6  (pm) 

1.96  (^m)  r* 

:■ 

20 

1.3 

..S  f 

30 

2.9 

40 

5.1 

9.7  Jj 

K 

50 

6.0 

15.2  N 

60 

11,5 

% 

21.9  \ 

GROWTH  RATE  .  (to/dt.**S 


AERE  R  12464  Fig  5 

Low  magnification  7EM  micrograph  of  1 300-901  WO 
condition 


AERE  R  12464  Fig  6 

Hign  magnifK,afiOn  TEM  micrograph  of  1300  tVQ 
condition 
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AERE  R  12464  Fig,  7 

Mtsar-u’ad  M*  dijtntiution  of  laih  wkJI'is  for  1300  WO  and  '300 
900  WQ  conditions 
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AEPER  12454  Fig  9 

1300  WOcoTKliiion,  K  -  60  MPam'  ^  <a)  individjai  gram  boundary  showing  microductiiity  (b)  fme 
cavitation  (around  carbides  'egion  A)  and  (c)  coarse  cavitation  (around  tme  sulphides  region  B! 
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AERE  R  12464  Tig  10 

EDS  spectpjni  obtained  rroni  manganese  suipbids  inclusion 
(=»  200nm) 
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AEHEh12464  Fig  12 

Sommary  of  observed  dependence  of  frac^ogrnphic  features  on  (a)  stress 
intensity  and  (b)  cracx  growth  rate 


«l  SURFACE  CHEMISTRY  REMOTE  FROM  HIGHLY  STRESSED  CRACK-TIP 


(b)  SURFACE  chemistry  CLOSE  TO  HIGHLY  STRESSED  CRACK-TIP 


AERE  R  12464  Fig.  13 

Auger  electron  spectra  (dNlEVdlE)  versus  E]  Dbtained  from  (a)  tulk 
intergranular  face  t  and  (bl  intergranular  facet  located  at  the  crack -tip 
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AERE  R  12464  Fig  U 
Comparison  of  fractographic  features 
observed  on  gram  boundaries  (a)  subiected  to 
HTBIGF  at  500  C  (direction  of  cracK  growth 
arrowed)  and  (b)  impact  fracture  at  196  C 
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0  LARGE  SULPHIOE  •SMALL  SULPHIDE  OVOID 


AERE  R  12464  Fig.  15 

Sctwmatic  representation  o(  rnechanisms  of  intergranular  crack  growth 


